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Interface control by homoepitaxial 
growth in pulsed laser deposited 
iron chalcogenide thin ilms
sebastian Molattaͷ,͸,͹, silvia Haindl͹,ͺ, sascha trommler͸,͹, Michael schulze͸,͹, 
sabine Wurmehl͸,͹ & Ruben Hühne͹
Thin ilm growth of iron chalcogenides by pulsed laser deposition ȋPLDȌ is still a delicate issue in 
terms of simultaneous control of stoichiometry, texture, substrate/ilm interface properties, and 
superconducting properties. the high volatility of the constituents sharply limits optimal deposition 
temperatures to a narrow window and mainly challenges reproducibility for vacuum based methods. 
)n this work we demonstrate the beneicial introduction of a semiconducting FeSeͷ−xtex seed layer 
for subsequent homoepitaxial growth of superconducting FeSeͷ−xtex thin ilm on MgO substrates. 
MgO is one of the most favorable substrates used in superconducting thin ilm applications, but 
the controlled growth of iron chalcogenide thin ilms on MgO has not yet been optimized and is 
the least understood. The large mismatch between the lattice constants of MgO and FeSeͷ−xtex of 
about ͷͷ% results in thin ilms with a mixed texture, that prevents further accurate investigations 
of a correlation between structural and electrical properties of FeSeͷ−xtex. Here we present an 
efective way to signiicantly improve epitaxial growth of superconducting FeSeͷ−xtex thin ilms with 
reproducible high critical temperatures ȋ≥ͷ7 KȌ at reduced deposition temperatures ȋ͸ͶͶ °C–͹͸Ͷ °CȌ 
on MgO using PLD. This ofers a broad scope of various applications.
he superconducting iron-chalcogenide FeSe1−xTex has been intensively studied since 2008
1 and is 
rated as a candidate for high-ield applications because of its high critical current densities up to mag-
netic ields of 30 T2. A high sensitivity of the superconducting transition temperature, Tc, to strain was 
reported as well3,4. A tunable Tc, for example, may be of advantage in future applications. Among the 
class of Fe-based superconductors the binary FeSe, FeTe, and the ternary FeSe1−xTex are structurally 
the most simplest compounds. hey consist of stacked layers of Fe2X2 (X = chalcogen) where atoms are 
tetrahedrally coordinated (inverse PbO structure). hus, it is widely believed as an easy-to-grow and 
easy-to-control system, however, thin ilm fabrication as well as the inal processing of conductors still 
sufer serious diiculties5. he control of the stoichiometry, for example, is very challenging because of 
the high volatility of selenium and tellurium. A stoichiometric transfer at high deposition temperatures, 
TD, is not guaranteed even using pulsed laser deposition (PLD). In order to counterbalance the volatility, 
recently FeSe1−xTex ilm deposition on CaF2 at reduced substrate temperatures was investigated
6.
Several previous studies were devoted to a discussion of the correlation between structural and super-
conducting properties7–18. he irst comparative study of FeSe1−xTex ilm growth on diferent substrates 
by Hanawa et al. proposed MgO, CaF2 and LaAlO3 as appropriate because no oxide interlayer forma-
tion was observed12. Despite the clean interface between FeSe1−xTex ilm and MgO substrate, the super-
conducting properties, especially Tc, is lowest when compared to FeSe1−xTex ilm deposition on other 
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substrates. he highest Tc for thin ilms of FeSe1−xTex grown by PLD reported so far reach 21 K on 
LaAlO3
13, 23 K on CaF2
14.
However, the substrate/ilm interface lacks seriously homogeneity in stoichiometry and texture, espe-
cially for CaF2 substrates, and thus challenges Fe chalcogenide and Fe pnictide thin ilm deposition for 
electronic applications. Attempts to better control nucleation exist for BaFe2−xCoxAs2 ilms such as the 
introduction of a SrTiO3- (“template engineering”)
19 or Fe-bufer20. In the case of iron chalcogenides a 
satisfactory solution is missing. herslef suggested the implementation of an iron bufer layer might also 
work for other Fe based superconductors which was shown by Iida et al.21. However, this iron bufer 
layer, a conductive shunt, displays ferromagnetic properties that have to be taken into account for inter-
pretation of experimental results as well as for possible device operation. A beneicial difusion barrier 
was introduced by Ichinose et al.22 for the FeSe1−xTex thin ilm growth on CaF2 substrates. In the case of 
the deposition on MgO substrates, the seed layer is clearly not a difusion barrier, but decreases the lattice 
constant mismatch, enables deposition at lower temperatures and, therefore, results in better controllable 
growth of superconducting FeSe1−xTex thin ilms.
MgO is one of the most favorable substrates for a broad range of applications, has certain advantages 
compared to other substrates and is frequently used in thin ilm applications: (a) it is a cheap material 
with high thermal stability and chemical compatibility; (b) it has furthermore a low dielectric constant 
and low dielectric losses favorable for applications based on high frequencies. Finally, MgO is easily 
deposited biaxially textured on technologically useful templates such as Hastelloy tapes via the ion-beam 
assisted deposition (IBAD) process as used for high current carrying conductors. However, as already 
anticipated above, the direct deposition of FeSe1−xTex on MgO is characterized by diverging results and 
insuicient reproducibility.
In this work the beneicial implementation of a semiconducting FeSe1−xTex seed layer for subsequent 
homoepitaxial growth of a superconducting FeSe1−xTex ilm is presented. As we will demonstrate, this 
novel approach allows to improve control and reproducibility of structural and superconducting prop-
erties of FeSe1−xTex thin ilms. Unlike the iron bufer layer, the FeSe1−xTex seed layer shows no metallic, 
but semiconducting behavior at low temperatures without detrimental ferromagnetism. Furthermore, it 
may be advantageous for conductor fabrication on IBAD-MgO or other applications.
Results
Films grown directly on MgO ȋͷͶͶȌ. We irst analyze FeSe1−xTex ilm growth on MgO (001) sub-
strates. In order to ind optimal deposition parameters, we started with the conditions reported as opti-
mum by Bellingeri et al.13,23. In contrast to this reference we did not ind superconductivity in ilms 
grown above a deposition temperature of 380 °C. In addition various out-of-plane orientations diferent 
from ( )l00  were observed for TD > 430 °C (see supplement S I). Below this temperature down to 280 °C 
the ilms are c-axis textured. However, the in-plane orientation of the FeSe1−xTex grains [Fig. 1(a)] com-
monly show two distinguished epitaxial relationships, as X-ray difraction (XRD) conirms. In particular 
for TD ≤ 300 °C: grains grown cube-on-cube, i.e. (001)[100]FeSe1−xTex ║(001)[100]MgO, and grains with 
45° in-plane rotated orientation (001)[110]FeSe1−xTex ║(001)[100]MgO are found. Although two ilms 
grown at 340 °C and at 300 °C show only a single epitaxial relationship, a more detailed investigation on 
the reproducibility performed at TD = 300 °C demonstrates a lack of controllability and a signiicant 
Figure 1. In-plane texture of FeSe1−xTex thin ilms on MgO (001). XRD φ-scans of the FeSe1−xTex (101) 
relection (2θ = 28.1° , Ψ = 57.0°) (a) for diferent deposition temperatures. For comparison, φ-scan of the 
MgO (202) relection. (b) For various ilms grown at the same temperature, TD = 300 °C. Intensities are 
plotted logarithmically. he *indicates the same thin ilm.
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variance in the results [Fig.  1(b)]. In addition, for ilms grown below 300 °C, the mosaicity becomes 
signiicantly larger (see supplement S II).
In order to compare the texture of diferent thin ilm samples and quantify the degree of texture 
admixture we introduce a texture coeicient
τ =
−
+ ( )
I I
I I 1
[100] [110]
[100] [110]
with I[100] and I[110] the integral intensity of the cube-on-cube grown and the 45 ° in-plane rotated grown 
texture component respectively. Based on this texture coeicient we classify the samples as follows. For 
τ  > 0.95 the sample is nearly or fully in-plane textured, for τ  < 0.95 the thin ilm has a mixed texture. 
For τ > 0 the cube-on-cube grown texture component is predominant and for τ < 0 the 45 ° rotated com-
ponent prevailed.
For TD > 320 °C the structural and electrical properties of the grown thin ilms are in good accord-
ance to the results of Huang et al.11. As is evident from our investigation the superconducting tran-
sition temperature increases with decreasing TD and has a maximum of Tc,90 = 19.7 K at TD = 300 °C 
[Fig. 2(a)]. However in this regime of TD the texture is not well controllable obstructing the reproduci-
bility [Fig. 1(b)].
By comparing structural properties and Tc,90 (supplement S III) we can classify diferent regimes: 
FeSe1−xTex ilms with Tc,90 comparable or above the Tc,90 of the target can be grown between TD = 260 °C 
and 360 °C [Fig. 2(a)]. However, epitaxial ilm growth is only favored above 300 °C. At 300 °C and below, 
a second grain orientation (45° -rotated) starts to signiicantly compete with the cube-on-cube texture. 
his competition is already observable from grain nucleation, as is conirmed by relection high energy 
electron difraction (RHEED) [Fig.  3]. For ilms with 0.95 < τ  < 0 (mixed texture) Tc,90 increases with 
increasing τ  [Fig. 2(b)]. Correspondingly, the superconducting transition width, ∆ = −, ,T T Tc c 90 c 10, 
Figure 2. Dependence of the critical temperature on TD and texture. (a) Tc,90 vs. TD of thin ilms 
deposited directly on MgO , the horizontal dashed line indicates Tc,90 of the ablated target. (b) Tc,90 vs. 
texture coeicient τ. (c) ∆ Tc vs. τ. he black dashed lines are guides to the eye.
Figure 3. RHEED-images of thin ilms deposited at 300 °C. (a1),(b1),(c1) at the beginning of the 
deposition; (a2),(b2),(c2) at the end of deposition. he electron beam impinges the sample along the (110) 
substrate-plane in an angle of less than 3°.
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increases with increasing texture admixture (decreasing τ| |) as shown in Fig.  2(c). Notable is that in 
mixed textured samples the 45 ° in-plane rotated texture component always is dominant.
From RHEED imaging [Fig. 3] information on the structure of the thin ilms is obtained during ilm 
growth. We compare three ilms made at the same deposition conditions (TD = 300 °C).
he RHEED images of the thin ilm with τ = 1 show clearly visible relections (streaks) directly from 
the beginning [Fig. 3(a1)] until the end [Fig. 3(a2)] of the deposition. his indicates a very fast nucleation 
and formation of the texture as well as a very smooth surface. From the spacing of the streaks ( /a2 ) 
the in-plane orientation can be determined as cube-on-cube.
In Fig. 3(b1),(b2) RHEED images of the ilm with τ = − 1 are shown. In contrast to the cube-on-cube 
grown thin ilm, even ater 2500 pulses the RHEED pattern is very blurred and the streaks are hard to 
determine. his indicates that the nucleation during the growth of this sample took much longer time 
than at the deposition of the thin ilm with τ = 1. Ater 20000 pulses the streaks are more pronounced 
but still very blurry relecting the high mosaicity and the broad peaks of the φ-scans. he distance of the 
streaks (1/a) conirms a 45° rotated orientation of the FeSe1−xTex thin ilm with respect to the substrate 
orientation. he absence of additional relexes is again an evidence for a smooth surface.
he RHEED images of the highly mixed textured sample (τ = − 0.1) shows streaks for both orienta-
tions, cube-on-cube grown ( /a2 ) and 45 ° rotated ( /a1 ), already at the beginning of the deposition 
[2500 pulses, Fig.  3(c1)]. hese streaks are quite blurry but still well pronounced and become sharper 
with the ongoing deposition. At the end of the deposition [Fig. 3(c2)] the relections of both orientations 
are very sharp and very pronounced. he slightly higher intensity of the relections of the 45 ° rotated 
grains compared to the intensity of the streaks of the cube-on-cube grown grains of the sample reders the 
ratio of these two fractions (τ ≈ − 0.1). In the RHEED pattern of this thin ilm there are also no addi-
tional relexes observable.
(omoepitaxial growth of thin FeSeͷ−xtex ilms using a seed layer. In order to control epitaxial 
growth at low TD and simultaneously ensure high Tc,90 we propose a novel method that is based on 
homoepitaxial growth of FeSe1−xTex. herefore, a thin FeSe1−xTex seed layer is deposited at 400 °C on 
MgO(001). his epitaxially grown (cube-on-cube) layer is semiconducting [Fig.  4]. he normal state 
resistance of the seed layer is ≈ 200 Ω at 100 K [Fig. 4(c)]. he normal state resistance of a superconduct-
ing FeSe1−xTex layer is ≈ 10 to 20 Ω at 100 K regardless of whether it is deposited directly on a MgO 
substrate or on a seed layer. he ratio of / R Rsc layer seed is ≈ 1/20 at 100 K and decreases with decreasing 
temperature. herefore, the seed layer has negligible detrimental efects on further transport 
investigations.
Subsequent to the growth of the seed layer, the temperature of the substrate is reduced and another 
FeSe1−xTex layer is deposited. As conirmed by XRD measurements the FeSe1−xTex layers are grown with a 
single texture component with the epitaxial relation: (001)[100]FeSe1−xTex
sc layer ║(001)[100]FeSe1−xTex
seed 
║(001)[100]MgO [Fig. 5]. For the full width at half maximum (FWHM, ∆ φ) of the peaks of the in-plane 
orientation, a strong increase is observeable with decreasing TD in the sample series without seed layer. In 
contrast, the ∆ φ of the seeded ilms is more or less constant until a TD of 200 °C (see supplement S II).
Seeded ilms furthermore have a smoother surface as atomic force microscope (AFM) images support 
(see supplement S IV). he root-mean-square (rms) roughness was evaluated with the WSXM sotware 
Figure 4. FeSe1−xTex seed layer characterization:  (a) XRD θ−2θ -scan of a seed layer with pure c-axis 
orientation out-of-plane. (b) XRD φ-scan of a seed layer with the epitaxial relation (001)[100]FeSe1−xTex 
║(001)[100]MgO. Intensities are plotted logarithmically. (c) R vs. T of the 20 nm FeSe1−xTex seed layer grown 
on MgO(001).
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package24. he ilm without seed layer (TD = 300 °C, τ = 1) has a rough surface (rms: 0.88 nm) compared 
to a very smooth proile of the ilm with seed layer (TD = 240 °C, rms: 0.38 nm).
Electrical resistance measurements [Fig. 6(a)] for diferent TD where the highest Tc,90 was found for 
thin ilms with (TD = 240 °C) and without (TD = 300 °C) seed layer demonstrate the improved reproduc-
ibility using the seed layer. he curves of the samples without seed layer show a large spread in Tc,90 as 
well as of the superconducting transition width. In contrast to that, results for seeded ilms were fully 
reproducible [black and red solid symbols in ig. 6 (a)].
Improved control of Tc,90 is gained in seeded ilms for low deposition temperatures. he optimal 
deposition temperature window broadens (240 °C–320 °C) for ilms with high Tc,90 (≥ 17 K) as can be 
seen in Fig.  6(b). Even though the ilms grown at TD > 320 °C show only a single epitaxial relation to 
the substrate with sharp relections in the XRD scans [Fig.  5, supplement Fig. S 2], indicating a high 
crystalline quality, the thin ilms show a low Tc,90 (< 17 K) similar to the high- TD samples without seed 
layer, assuming an additional mechanism partially suppressing superconductivity in these ilms.
Conclusion
To summarize, we have overcome some challenges reported for the thin ilm growth of iron chalco-
genides using PLD. We have demonstrated that homoepitaxial FeSe1−xTex thin ilm growth (i.e. the use 
of a FeSe1−xTex seed) with the above described procedure is a very powerful method for optimization 
with respect to reproducibility.
High deposition temperatures result in high mobility of the ions on the substrate surface. he result-
ing deposited layer thus is epitaxially grown but does not show superconductivity. When used as a seed 
layer, a subsequent deposition of the same target material at lower temperatures results in a homoepitax-
ial growth of superconducting FeSe1−xTex ilms. Due to the smaller lattice mismatch between FeSe1−xTex 
Figure 5. XRD φ-scans of ilms homoepitaxially grown on a seed layer in a temperature series  
(200 °C–340 °C). 
Figure 6.  (a) Temperature dependence of the normalized resistance (RN = R(22 K)) for thin ilms 
without (TD = 300°C) and with (TD = 240 °C) seed layer. he *marks the samples without seed layer. (b) 
Comparison of Tc,90 of the samples with and without seed layer in dependence of TD . he gray shaded area 
indicates the deposition temperature window for high Tc,90 thin ilms without seed layer, the light red area 
indicates the TD window for high Tc,90 samples with seed layer. he horizontal dashed line indicates Tc,90 of 
the target, the black and red dashed lines are guides to the eye.
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and the FeSe1−xTex seed compared to MgO and, possibly, to a much better chemical compatibility, epi-
taxial growth is ensured at lower temperatures.
he method presented in this article opens a signiicantly broader window of deposition temper-
atures for high- Tc,90 ilms and ensures good epitaxial growth. We also found, that in a wide interval 
(240 °C–320 °C) the deposition temperature is not crucial for the superconducting properties of the thin 
ilm. Furthermore it grants access to MgO which is one of the most favorable single crystal substrates 
for thin ilm fabrication. Because of the similar structur within the ab-plane, we predict that this semi-
conducting seed layer will also be adoptable for other iron based superconductors more diicult to grow 
using PLD. his technique is easy to implement in the ilm growth process and may be of advantage for 
a vast variety of applications.
Methods
he analyzed thin ilm samples in this report were prepared by PLD using a Lambda Physics LPX 
305 KrF-excimer laser λ ε( = , = − / )248nm 3 5 J cm
2  in an ultra-high-vacuum-chamber with a base 
pressure of −10 mbar9 . he target - substrate distance is about 40 mm. he used targets were grown by a 
modiied Bridgman-process with a nominal stoichiometry of Fe:Se:Te = 2:1:1 resulting in a bulk Tc,90 of 
11 K25,26.
For the direct (unseeded) preparation of the samples the target material was deposited on the sub-
strate at deposition temperatures, TD, from 260 °C to 530 °C at a laser repetition rate of 7 Hz. For the 
seeded FeSe1−xTex ilms, a FeSe1−xTex layer with a thickness of about 20 nm was deposited at 400 °C with 
a laser repetition rate of 10 Hz. he as-grown ilm was cooled to the deposition temperature in the range 
of 200 °C–340 °C for a subsequent homoepitaxial FeSe1−xTex layer, deposited at a laser repetition rate of 
7 Hz.
he superconducting ilms have a thickness of about 120 nm ± 30 nm conirmed by ilm cross-sections 
cut by a focused ion beam (Ga ions) and imaged by scanning electron microscopy. he ilm growth was 
monitored in-situ by RHEED evaluated with the KSA400 sotware.
XRD θ− 2θ-scans were measured in a Philips X’Pert with Cu-Kα or Co-Kα-radiation. he φ-scans 
for the (101) peak of FeSe1−xTex were measured in a Philips X’Pert PW3040 equipped with a four circle 
goniometer with Cu-Kα-radiation in Bragg-Brentano-geometry.
R(T) measurements were made in a Quantum Design Physical Properties Measurement System 
(PPMS). Tc,90 describes the temperature where the resistance reached 90% of the normal state resistance 
above transition.
Surface morphology was examined with an Digital Instruments AFM Dimension 3100 with a 
Nanoscope IIIA controller in tapping mode.
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S I XRD of unseeded film at high deposition temperature
In Fig. S 1 the XRD θ–2θ -scans of films grown directly on MgO at TD’s of 530
◦C and 300 ◦C are shown. Besides c-axis
grown components of the film with TD = 530
◦C ((00l)-reflections) there are additional out-of-plane orientations observable.
Peaks of the (h0l) as well as the (hkl) orientation are found [Fig. S 1(a)]. With decreasing TD the intensity of the peaks for
orientations different from (00l) decreases rapidly. The XRD θ–2θ -scan of the film with TD = 300
◦C shows exclusively c-axis
oriention out-of-plane [Fig. S 1(b)].
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Figure S1. XRD θ–2θ -scan of FeSe1–xTex thin films grown on MgO at (a) TD = 530
◦C and (b) TD = 300
◦C. The ⋆
indicates the λ /2-peak of MgO.
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S II In-plane texture: Comparison between unseeded and seeded films on MgO
Evaluating the FWHM of the peaks of the in-plane orientation of the temperature series [Fig. S 2] shows a strong increase of
∆φ for both texture components for the thin films without seed layer for decreasing TD. In contrast to that, the ∆φ values of
thin films with seed layer stay more or less constant with decreasing deposition temperature.
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Figure S2. ∆φ of the texture components of the samples without and with seed layer in dependence of TD.
S III Resistance measurements of films without seed layer
From the resistance measurements [Fig. S 3] Tc,90 and ∆Tc for the thin films without seed layer are obtained. ∆Tc is calcu-
lated from the temperature where the resistance reaches 90% of the normal state resistance minus the temperature where the
resistance reaches 10% of the normal state resistance.
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Figure S3. Temperature dependence of the normalized resistance (RN =R(100%)) for thin films without seed layer.
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S IV Comparison of the surface morphology
The surface morphology of a sample without seed layer [Fig. S 4 (a) TD = 300
◦C, τ = 1] and a sample with seed layer [Fig.
S 4 (b) TD = 240
◦C] was evaluated with AFM. The rms-values of the samples show an improvement of the surface roughness
by a factor of 2.
Figure S4. AFM images of a thin film grown without seed layer [(a) TD = 300
◦C, τ = 1] and a film on the seed layer [(b)
TD = 240
◦C]. The red lines mark the position of the profiles below.
III/III
